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Partial Mn atoms have been conﬁrmed to enter the CuO lattice and form the Cu1−xMnxO compounds in
the case of doping with 0≤x≤0.2 by the sol–gel method. With increasing Mn content, magnetism is
observed. The magnetic critical transition temperature increases with enhanced magnetism, which obeys
the bound magnetic polaron theory. The electronic transportation shows an insulating behavior as the
band-gap decreases. Our results may indicate that CuO may be used as a candidate of magnetic
semiconductor.
& 2013 Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
The origin of ferromagnetism in semiconductors is one of the
most important issues for physics of magnetism [1–3] and device
applications at present [4,5]. Since Dietl et al. [6] found that the
magnetic properties for semiconductors could be affected by
carriers and doping, great effort has been devoted. Particularly,
ferromagnetism of transition metal oxides (TMOs) attracted more
attention for the 3d electrons induced strong coupling among spin,
charge, orbital and vibration degrees of freedom, such as Fe-doped
SnO2 [7], (Cr, Mn and Ni)-doped ZnO [8,9], pure ZnO [10], TiO2 [11],
CeO2 [12], etc. In comparison to other TMOs, CuO is quite peculiar
for its lower-symmetry monoclinic cell [13,14] and exotic resem-
blance in structural and magnetic properties [15,16]. Ferromagnet-
ism (FM) has been obtained in transition-metal-doped CuO and
many theoretical works have been developed to explore the origin
of the FM in doped CuO system. An unconventional double-
exchange model, which is consistent with experimental results
of Yang et al. [17] and Zhang et al. [18], was proposed by Filippetti
et al. [19] to explain the FM in Mn-doped CuO. However, high
carrier density is required in the double-exchange model while
several studies reported FM in samples with low carrier densityCC BY-NC-ND license. [20,21]. Furthermore, some groups reported room temperature FM
in un-doped CuO nanostructures [22–25]. The oxygen vacancies,
uncompensated surface spins or surface effect at the grain bound-
ary may result in FM in CuO although the FM is weak compared to
that of Mn doped CuO. Here, we study the relationship between
FM and Mn doping concentration of Cu1−xMnxO (x¼0.06, 0.1, and
0.2) samples since phases Mn2O3 and Mn3O4 might appear along
with the higher doping concentration, and we support the BMP
[26] model for the original of FM in the low carrier density Mn
doped CuO system.2. Experimental procedures
Polycrystals of Cu1−xMnxO (x¼0, 0.06, 0.1, and 0.2) are synthe-
sized by the sol–gel method [27] The starting solutions for the
deposition of Mn-doped CuO are prepared by dissolving copper
nitrate [Cu(NO3)2 6H2O] and manganese nitrate [Mn(NO3)2] in
de-ionized water. Thereafter, citric acid was added to the solution.
The solution was stirred for 3 h at 75 1C. Afterward, ethylene glycol
was added to the resulting solution which is to be stirred until it
transforms into gel. The gel is dried in air for 20 h and then ground
for 30 min before annealing. The as-prepared powder is annealed
at 500 1C in air for 1 h and then formed into pellets by sintering at
400 1C in air for 6 h.
The structure of the Cu1−xMnxO (x¼0, 0.06, 0.1, and 0.2)
samples is characterized at room-temperature by X-ray diffraction
(XRD) performed on a Rigaku Dmax-rb in the step scanning mode
with a step size of 0.021 in 2θ. The magnetization curves are
measured in a commercial superconducting quantum interference
J.Z. Cai et al. / Physica B 424 (2013) 42–46 43device (SQUID, MPMS-XL) magnetometer. And the electric trans-
port properties are measured by the four-point probe method.Fig. 1. (a) XRD spectrum of polycrystals of Cu1−xMnxO (x¼0, 0.06, 0.1, and 0.2)
compounds. (b) Observed and calculated XRD proﬁles of Rietveld reﬁnements for
Cu1−xMnxO (x¼0, 0.06, 0.1, and 0.2) separately, along with the plots of the
difference between the observed and calculated proﬁles. The vertical short lines
(red and green) represent the position of Bragg reﬂection of CuO and CuMn2O4
respectively. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article).3. Results and discussions
Fig. 1 shows the XRD patterns of the Cu1−xMnxO (x¼0, 0.06, 0.1,
and 0.2) samples. Rietveld reﬁnements using the laboratory X-ray
diffraction (XRD) data [28,29] and synchrotron radiation data
obtained in Shanghai Synchrotron Radiation Facility (SSRF) on
beam line BL14B1 with the computer code of the General Structure
Analysis System (GSAS) are performed. A slight amount of
CuMn2O4 is detected and added to the reﬁnements. The reﬁne-
ment procedure is performed as reported previously [30,31]. The
space groups C12/c1 for Cu1−xMnxO and I4/amd for CuMn2O4 ﬁt
the XRD pattern. CuO (data_16025-ICSD) and CuMn2O4
(data_9812-ICSD) are used as the starting models. We set that
Mn atoms substitute Cu atoms in CuO lattice. The scale factor is
reﬁned initially, and later the phase fractions; after that we use
function type 5 to reﬁne background. The lattice parameters, peak
shape, preferential orientation, the atom position and Uiso of the
two phases are reﬁned separately, step by step. The collected XRD
spectra, together with the reﬁned patterns of all the samples are
shown in Fig. 1(b). The reﬁned unit cell, atomic parameters,
including the lattice constants, the bond lengths, the bond angles,
the atomic position and content of the phases are summarized and
listed in Table 1. The occupancy of Mn at Cu in CuO in our samples
is ﬁtted to be 0, 0.040, 0.061, and 0.128 for Cu1−xMnxO with x¼0,
0.06, 0.1, and 0.2, respectively, which is consist with the original
reactants.
The temperature-dependent resistivity for Cu1−xMnxO (x¼0.06,
0.1, and 0.2) is shown in Fig. 2(a) in the semi-log scale. Resistivity
decreases with the doping concentration, suggesting the enhance-
ment of carrier density. The activation energy can be calculated
with the thermal-activated model ρ∝ρ0 expð− EaKBTÞ and the values of
Ea are 0.228, 0.151, and 0.153 eV for x¼0.06, 0.1, and 0.2, respec-
tively. All the samples show the insulating behavior. Fig. 2
(b) shows the temperature dependence of resistivity for the
sample of Cu0.8Mn0.2O. The large resistivity indicates low carrier
concentration below Tc in the samples.
The hysteresis loops for Cu1−xMnxO (x¼0, 0.06, 0.1, and 0.2)
samples are shown in Fig. 3. The values of Ms, Mr and Hc, Tc for
Cu1−xMnxO (x¼0.06, 0.1, and 0.2) samples are listed in Table 2.
According to the results reported by Yang et al. [19], the CuMn2O4
phase does not contribute to the hysteresis. Only weak FM is
observed in the Mn-free CuO sample. The magnetic moment is
about 410−3 emu/g and could be ascribed to the uncompensated
surface spins or surface effect at the grain boundary. However,
much stronger FM is observed in Mn-doped CuO at low tempera-
ture. This distinguishes the origin of FM for Mn-doped CuO from
the un-doped CuO in our experiment, and indicates that the FM of
Mn-doped CuO must be originated by Mn ions substituting Cu ions
into CuO matrix. The magnetic moment is 5.67 emu/g for
Cu0.94Mn0.06O, 11.44 emu/g for Cu0.9Mn0.1O and 21.95 emu/g for
Cu0.8Mn0.2O. The magnetic moment for each Mn atom increases
with the dope concentration from 1.94mB/atom to 2.66mB/atom and
2.77mB/atom. All these magnetic moments are far away from the
theoretic value of Mn2+. As the hysteresis loop does not saturate
even at 10 kOe, a large number of paramagnetic moments should
coexist with the ferromagnetic moment. The coercive ﬁelds
remain around 200 Oe for S1–S3.
Fig. 4 shows the magnetic moment versus temperature curves for
Cu1−xMnxO (x¼0.06, 0.1, and 0.2) samples under 100 Oe magnetic
ﬁeld in the temperature range of 4–150 K. The Mn doped CuO
J.Z. Cai et al. / Physica B 424 (2013) 42–4644samples show clearly FM transition and the Curie temperature (Tc)
increases with increasing Mn content x; otherwise the Mn-free CuO
shows only a slight magnetic moment. The inset of Fig. 4 shows
temperature dependence of inverse susceptibility. We extrapolate
1/M versus T to deﬁne the Curie temperature (Tc) of Cu1−xMnxO
(x¼0.06, 0.1, and 0.2) according to the Curie–Weiss law. The positive
Weiss constant suggests that this transition is between paramagneticFig. 2. (a) Temperature dependence of electrical resistivity in semi-log scale of Cu1−xM
sample.
Table 1
Reﬁned atomic parameters for Cu1−xMnxO (x¼0, 0.06, 0.1, and 0.2) are summarized
and listed. The composition of the impurity CuMn2O4 (CM124) phase is also given
in the table.
X 0 0.06 0.1 0.2
a (Å) 4.6764(1) 4.6690(3) 4.6697(3) 4.6741(4)
b (Å) 3.4201(0) 3.4309(2) 3.4206(2) 3.4234(2)
c (Å) 5.1245(1) 5.1233(4) 5.1221(3) 5.1254(5)
α (deg) 90 90 90 90
β (deg) 99.383(2) 99.374(6) 99.328(6) 99.311(8)
γ (deg) 90 90 90 90
V (Å3) 80.867(3) 80.977(10) 80.733(10) 80.933(13)
Cu2+/Mn2+
x 0.25 0.25 0.25 0.25
y 0.25 0.25 0.25 0.25
z 0 0 0 0
Uiso(Cu/Mn)O2− 0.017 0.018/0.025 0.021/0.017 0.023/0.014
x 0 0 0 0
y 0.4206(7) 0.4479(11) 0.4595(11) 0.4623(14)
z 0.25 0.25 0.25 0.25
Uiso 0.028 0.011 0.024 0.016
Bond length
Cu(Mn)–O 1.9589(10) 1.9878(13) 2.0050(14) 2.0053(18)
Cu(Mn)–O 1.9464(5) 1.8947(21) 1.8719(20) 1.8688(26)
Bond angle
O–Cu(Mn)–O 84.236(16) 83.509(24) 83.343(18) 83.264(24)
O–Cu(Mn)–O 95.764(16) 96.491(24) 96.657(18) 96.736(24)
Cu(Mn)–O–Cu(Mn) 145.33(9) 140.040(21) 138.000(11) 137.480(26)
Cu(Mn)–O–Cu(Mn) 104.148(18) 105.112(29) 105.333(17) 105.356(29)
Fraction of CM124 0 0.011 0.0257 0.065
Mn content in CM 0 0.042 0.061 0.128
Rp (%) 4.04 4.08 3.93 3.95
Rwp (%) 3.16 3.21 3.14 3.11and FM phases. The Curie–Weiss temperature of Cu1−xMnxO (x¼0.06,
0.1, and 0.2) is 76.6 K, 80.1 K, and 82.3 K, respectively.
Considering the low carrier density and unsaturated hysteresis
loop of Cu1−xMnxO (x¼0.06, 0.1, and 0.2) samples, the FM behavior
may be explained by the BMP model [26], which can work in high
resistivity samples because their mediate carriers are localized.
The BMPs in Mn-doped CuO system, sketched in Fig. 5, consist of anxO (x¼0.06, 0.1, and 0.2) samples. (b) Resistivity versus T curve for Cu0.8Mn0.2O
Fig. 3. Magnetic hysteresis loops for Cu1−xMnxO (x¼0, 0.06, 0.1, and 0.2) samples at
4 K.
Table 2
The values of Ms, Mr and Hc, Tc for Cu1−xMnxO (x¼0.06, 0.1, and 0.2) samples are
listed.
x 0.06 0.1 0.2
Ms (emu/g) 5.67 11.94 21.95
Mr (emu/g) 1.45 2.62 3.95
Hc (Oe) 180 185 170
Tc (K) 76.6 80.1 82.3
Fig. 5. Bound magnetic polaron model in Cu1−xMnxO system is sketched. The
polarons are shown in blue circle. The white balls with little arrows represent hole
spins and the big arrows represent Mn2+ spins. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this
article).
Fig. 4. Temperature dependence of magnetization for Cu1−xMnxO (x¼0, 0.06, 0.1,
and 0.2) samples with 100 Oe applied. The inset is 1/M versus T curves.
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interaction between Mn2+ ions as well as Mn2+ ions and Cu2+
ions induces antiferromagnetism which is weak compared to the
ferromagnetism. According to Durst's model [32], the interaction
between two polarons could be described as
Hm ¼ K½ðs1S1Þ þ ðs2S2Þ þ K′ðs1 þ s2ÞS3 þ Js1s2 ð1Þ
where K is the exchange constant of the hole–ion interaction
within the polaron, K′ is the exchange constant of the interaction
between the hole and ion in the overlapping region, and J is the
direct antiferromagnetic hole–hole exchange (J⪡K in our samples).
Parameters s1 and s2 are the hole spins, S1 and S2 are the sum of
the Mn ion spins in each polaron, and S3 is the sum of Mn spins in
the overlapping region. The ﬁrst item in Eq. (1) represents the
hole–ion interaction, which antialigns the spins of Mn ions around
a hole in relation to the hole spin in a polaron. As a result, a single
polaron with a large collective spin forms. In a polaron-pair
system, when the two polarons have a overlapping region, the
polarons interact via the indirect hole–ion–hole interaction,
described by the second term in Eq. (1), which makes the both
polarons antialign with the nearest Mn ions. Thus, the long-range
FM coupling originates from the overlapping and interactions
between two neighboring BMPs at low temperature. In an idealmodel, assuming that the collective moment of the sample is along
the z-axis, we suggest that
μJz ¼ ∑
M
j ¼ 1
ð ∑
Nj
i ¼ 1
μJzi−μJzj
0 Þ ð2Þ
where μJz is the collective moment of the sample, μJzi is the Mn ion
moment along the z-axis, μJzj
0 is the moment of hole, Nj is the
number of Mn ions in one polaron, and M is the number of the
aligned polarons. Increasing hole concentration would increase
the amount of BMPs; meanwhile, the enhancement of Mn2+ ions
improves the amount of Mn2+ ions contained in the BMP system.
As a consequence, these BMPs induce stronger FM interaction
through both magnetic moments and Curie–Weiss temperatures.
This is quite consistent with our experiment results that magnetic
moments increase with the enhancement of Mn doping.4. Conclusion
Low temperature ferromagnetism (FM) has been observed in
Cu1−xMnxO (x¼0.06, 0.1, and 0.2) samples with Tc475 K. Com-
pared to the Mn-free CuO, the FM is conﬁrmed to be originated
from Mn doping. Ferromagnetic transition temperature and the
saturation moment increase with increasing Mn doping. The
ferromagnetism is in excellent ﬁt with the bound magnetic
polaron mechanism. The insulating behavior in Mn-doped CuO
supports the magnetic model.Acknowledgments
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